Introduction
Mild iodine deficiency (ID) is still common in Western Europe, despite government programs aiming at its eradication [1] . Although spot ioduria (urinary iodine excretion, UIE) is widely used to diagnose ID at the population level [1, 2] , serum thyroglobulin (Tg) has been proposed as a marker of ID [3] , including in newborns [4, 5] . Maternal iodine supplementation has been shown to improve maternal and cord blood (CB) thyroid tests in areas of moderate and severe ID [6, 7] . Despite WHO recom- mendations for universal iodine prophylaxis in pregnancy, this is not endorsed by the health authorities in France, an area of mild ID or borderline iodine status [8] , where prescription of supplementation is left to the discretion of the physician. Data about the effect of such iodine prophylaxis on maternal and fetal thyroid function in pregnant women in areas of mild ID are scarce [9, 10] , and it remains to be assessed whether such supplementation is beneficial for pregnant women with initial normal thyroid function. In addition, smoking has a complex impact on thyroid function [11, 12] . During pregnancy, it has been reported that maternal smoking may affect fetal thyroid function [13] [14] [15] [16] [17] [18] [19] . Despite recommendations, many women continue to smoke during pregnancy. Thus, the relative impact of iodine supplementation and maternal smoking deserves a closer look.
We designed a prospective study to assess the impact on CB Tg of early iodine supplementation in healthy pregnant women with special attention to maternal smoking status.
Patients and Methods
Women without a personal history of thyroid disease attending the obstetric clinic before 12 weeks of amenorrhea with a singleton pregnancy between July 2007 and July 2008 were eligible if they had strictly normal thyroid tests on their initial screening, i.e. free thyroxine (fT4) 1 12 pmol/l (10th percentile for first trimester in our laboratory), thyroid-stimulating hormone (TSH) ! 2.5 mUI/l (recommended upper limit of normal in pregnancy [20] ) and negative anti-thyroid peroxidase antibodies below 100 UI/ml.
Design of the Study
After signing a consent form, 111 women were included in this study. At baseline, in addition to measurement of fT4, TSH and anti-thyroid peroxidase antibodies, they underwent comprehensive thyroid testing, including Tg, anti-Tg antibodies, free triiodothyronine (fT3), reverse T3 (rT3), total T4, spot ioduria and thyroid ultrasound. They were then randomized into two groups, one group receiving iodine-enriched pregnancy vitamins (150 g/ day, Oligobs Maxiode, Laboratoire C.C.D., Paris, France) and the other group receiving the same vitamin mix but without iodine (Oligobs grossesse, Laboratoire C.C.D.). The table of randomization (list of correspondence between the number of a patient and the study arm, i.e. iodine or not) was obtained by a method of drawing of lots by blocks, using tables of permutation. This was an open study.
Treatment was given from the day of enrolment throughout pregnancy and until 3 months postpartum. Compliance with pregnancy vitamin administration was assessed by the hospital pharmacist, based on the number of pills brought back at each visit (patients were asked to bring back all blisters, empty or not). One woman from the iodine-supplemented group was excluded shortly after inclusion when her baseline ioduria was discovered to be over 400 g/l, suggesting possible iodine excess before supplementation.
Comprehensive thyroid tests were performed in each trimester, at delivery and at the 3-month postpartum visit. At delivery, CB samples were collected and analyzed for thyroid tests, including Tg, anti-Tg antibodies, fT4, fT3, TSH and rT3.
Assays
Spot UIE was measured by inductively coupled plasma mass spectrometry [Pasteur-Cerba Laboratory, Cergy Pontoise, France; detection threshold 15 g/l; intra-and interseries coefficient of variation (CV) ! 10%]. Tg was measured by immunoradiometric assay (Thyroglobulin IRMA, Cis bio International, Gif-surYvette, France). fT4, fT3, total T4, TSH and anti-Tg antibodies were measured by chemiluminescence (ADVIA Centaur, Siemens Healthcare Diagnostics, France), while rT3 was measured by radioimmunoassay (Pasteur-Cerba Laboratory). Reference ranges were established in our laboratory for fT4 and TSH during the first trimester of pregnancy (2.5 and 97.5 percentiles): fT4 11.47-19.23 pmol/l, and TSH 0.053-3.23 mUI/l. The other (nonpregnancy) reference ranges were provided by the manufacturers: Tg 5-50 ng/ml; anti-Tg antibodies ! 60 UI/ml; fT3 3-7 pmol/l, and rT3 0.14-0.54 nmol/l.
The intra-and interassay CVs, respectively, were as follows: fT4, 2.31 and 1.95%; TSH, 2.67 and 3.97%; Tg, 2.4 and 4.5%; antiTg, 5.5 and 1.8%; fT3, intra-assay CV 2.35%, and rT3, 8.54 and 6.21%.
Smoking Status
Maternal smoking was assessed qualitatively at baseline by self-reported statement as never smoked, current smokers and former smokers (women who quit smoking before pregnancy or when pregnancy was diagnosed) and quantitatively during the third trimester by measuring cotininuria. A simple reverse-phase high-performance liquid chromatographic method with UV detection adapted from Oddoze et al. [21] was used for the quantification of urinary cotinine. After a one-step solid-liquid extraction on Clean-Screen, cotinine was quantified by a Waters 2695 apparatus (Guyancourt, France) and Waters 996 photodiode array detector. The threshold of detection was 10 g/l.
Statistics
The primary end-point of our study was the comparison of maternal Tg concentrations at delivery between the two groups, according to iodine supplementation. The sample size (number of patients to be included) was determined by our methodologist (F.B.) based on the paper by Glinoer et al. [7] . Additional endpoints were the comparison and evolution of the other thyroid tests in the mother and CB, including CB Tg. Further analyses of the interaction of iodine supplementation and maternal smoking were post hoc analyses.
Quantitative Statistical analyses were performed using the software SAS version 9.1. Values were considered significant at p ! 0.05. All tests were two sided.
The study was approved by the ethics committee of our institution.
Results

Clinical Results
Out of the 110 women, 86 could be followed until delivery with CB measurement, making 86 mother/fetus pairs. Twenty-four women did not complete the study (20 in the iodine group and 4 in the control group). In the iodine group, there were 4 miscarriages, 1 induced abortion (trisomy 18), 10 women with digestive intolerance (nausea/vomiting), 3 consent withdrawals and 2 missing in collection; in the control group, there were 3 miscarriages and 1 woman with digestive intolerance. Clinical characteristics of the 86 pairs (32 in the iodine group and 54 in the control group) are shown in table 1 and did not differ. One quarter of the women were current smokers; the others were referred to as 'nonsmokers' (never smokers and former smokers together). Babies from women who took iodine had a lower birth weight and smaller length with similar duration of gestation.
Biological Results
Results in mothers and in CB are shown in table 2 according to iodine supplementation and in table 3 according to maternal smoking status.
Maternal Results
Ioduria and thyroid assessment at inclusion were similar in the iodine and control groups, with UIE below the recommended threshold in pregnancy of 150 g/l [2] . Ioduria in the third trimester was higher in the iodine group (160 vs. 76 g/l), in agreement with the good compliance reported by our pharmacist (data not shown). At delivery, in the iodine group, Tg was significantly lower and TSH tended to be lower, but there was no difference in fT4 or other thyroid tests.
Cotininuria in the third trimester was higher in the smoking group, correlating well with self-reported smoking status (p ! 0.0001). Of note, 5 nonsmokers had positive cotininuria, while 4 smokers had undetectable levels. fT4 was lower in smokers, but there was no significant difference for Tg or TSH.
CB Results
CB Tg was similar in the iodine and control groups (median 77 vs. 79.5 ng/ml, respectively), while it was sig- R esults are expressed as medians (range), except where indicated otherwise. GA = Gestational age; BMI = body mass index; NS = not significant. 1 The category of nonsmokers at inclusion comprises women who declared they had never smoked and those who quit smoking before or at the diagnosis of pregnancy.
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Eur Thyroid J 2012;1:264-273 267 nificantly higher in newborns from smoking mothers versus newborns from nonsmoking mothers (114 vs. 64.7 ng/ml; p ! 0.005). CB anti-Tg antibodies were negative, except for 1 sample from the iodine group at a very low titer. Results of thyroid testing in CB showed no difference in fT4 and fT3, with a trend in the iodine group for higher TSH (7.5 vs. 6.2 mUI/l) and a significantly lower rT3 (3.2 vs. 3.8 nmol/l). fT4 tended to be higher in newborns from smoking mothers. Table 4 shows the correlations between CB Tg and the various parameters studied. CB Tg correlated with birth size and maternal Tg at delivery. Of interest, it also correlated with self-reported smoking status and to a lesser degree with third-trimester maternal cotininuria, but not with maternal ioduria. Figure 1 shows that newborns from nonsmokers had no difference in CB Tg whether their mother took iodine supplementation or not (77.2 vs. 61.9 ng/ml), as opposed to newborns from smokers, who tended to benefit from maternal iodine supplementation (87.9 ng/ml in the iodine group vs. 115.5 ng/ml in the control group; p = 0.1). Tg of smokers from the control group was significantly higher than the Tg from nonsmokers whether they took iodine or not (p ! 0.01). It tended to be higher than the Tg of smokers from the group taking iodine supplementation (p = 0.1). On the other hand, Tg of nonsmokers was not different whether they took iodine or not, nor from the Tg of smokers who took iodine.
Discussion
We present data from our interventional, randomized study of iodine supplementation from the first trimester throughout pregnancy in 111 women carefully selected for initial strictly normal thyroid tests and their newborns (86 pairs at delivery). With such a design, it is unavoidable that some women do not complete the study. Women were enrolled very early (8 weeks of gestation), with the risk of first-trimester miscarriage. The imbalance in numbers at delivery between the iodine and control groups is explained by the fact that most women who did not complete the study belonged to the iodine group, mainly due to digestive intolerance to iodinated vitamins. There was no difference in miscarriage rates between the two groups.
Mild ID was present at the first-trimester visit in our population of healthy women without a personal history of thyroid disease. This ID shifted from the mild to moderate ID range in the third trimester in the group that did not receive iodine supplementation, while in the group receiving 150 g of iodine/day, the median UIE rose to 160 g/l, in the range of adequate iodine nutrition in pregnancy [2] . This result supports iodine supplementation throughout pregnancy. Of note, third-trimester UIE in women from the control group was similar to results we reported earlier in a third-trimester cross-sectional study of 330 unselected pregnant women [22] .
Effect of Iodine and Tobacco on CB Tg
CB Tg of newborns from women with iodine supplementation was not different from CB Tg of newborns from women without iodine supplementation. Anti-Tg antibodies were negative, which eliminates assay interference for the level of Tg, thus validating the results of Tg measurements. As shown in table 5 , which summarizes the literature on the impact of iodine supplementation and maternal smoking on Tg and other thyroid tests, there are very few studies on CB Tg and iodine supplementation [6, 7, 9] . In an observational study, Nohr and Laurberg [9] reported that newborns from unselected women, studied only at delivery and who declared that they took iodinated vitamins during pregnancy, had CB Tg lower than that from women who did not take iodinated vitamins. Our data are apparently at odds with the studies of Glinoer et al. [7] and Pedersen et al. [6] , who reported higher CB Tg in newborns from women who did not take iodine supplementation. This might be explained by a difference in the enrolled women. Indeed, our patients were selected for their strictly normal initial thyroid function, while women from the other studies were either unselected [6] or were selected because of excessive thyroid stimulation based on elevated Tg, a low normal fT4 index and an elevated molar ratio of T3 to T4 [7] . Furthermore, they had much lower UIE (median 50 g/l in Pedersen et al. [6] and 36 g/l in Glinoer et al. [7] ), reflecting more severe ID in these populations. The CB Tg of smokers from the control group was significantly higher than the CB Tg from nonsmokers whether they took iodine (p = 0.007) or not (p = 0.002). It also tended to be higher than the CB Tg of smokers from the group taking iodine supplementation (p = 0.1). On the other hand, the Tg of nonsmokers was not different whether they took iodine or not, nor from the Tg of smokers who took iodine.
The main correlation for CB Tg in our population was with maternal smoking, while there was no correlation with maternal UIE in the third trimester, nor with other parameters that have been proposed by some authors, including mode of delivery [14] and gestational age [5] . Thus, it appears that smoking is the main factor explaining CB Tg in our population. In 1987, Ericsson et al. [14] already showed that CB Tg concentrations were higher in newborns from smokers. Chanoine et al. [13] , in 1991, showed a positive correlation between CB Tg and CB thiocyanate, with an increase in the ratio of fetal thyroid volume to fetal birth weight. A larger neonatal thyroid volume linked to maternal smoking was also reported by Klett et al. [23] . In 1998, Gasparoni et al. [15] Our study Nohr and Laurberg [9] Pedersen et al. [6] Glinoer et al. [7] Gasparoni et al. [15] McDonald et al. [16] Meberg and Marstein [17] Shields et al. [18] Table 5 . Impact of iodine supplementation and maternal smoking on Tg and other thyroid tests CB Tg was higher in newborns from smoking parents (mother and/or father) than in those from nonsmoking parents; these results were confirmed at 1 year of age. This study underlined the effect of passive smoking in babies, their results being confirmed by the level of thiocyanate. We did not measure thiocyanate, but we used maternal cotininuria as an objective short-term marker of active or even passive smoking. Cotininuria usually correlated very well with self-reported maternal smoking. Occasional discrepancies between spot cotininuria and self-reported smoking status could be explained by the fact that cotininuria only reflects smoking habits within the last 48 h. A false negative result (negative cotininuria in smokers) could reflect a transient change in smoking habits. On the other hand, the presence of positive cotininuria in self-reported nonsmokers (false positive) could reflect passive smoking or inaccuracy of selfreport of smoking status. Of note, in our population maternal smoking was also associated with lower birth weight (3,060 vs. 3,345 g; p ! 0.005), as reported elsewhere [17] . Iodine supplementation seems to mitigate the negative impact of tobacco on Tg. Indeed, CB Tg from newborns of smoking mothers who took iodine supplementation tended to be lower than CB Tg from newborns of control smoking mothers, though the numbers were small; furType of study Iodine impact Dose, g/day Tobacco impact Maternal TSH Our study Nohr and Laurberg [9] Glinoer et al. [7] Antonangeli et al. [10] Velasco et al. [30] (3rd trimester) McDonald et al. [16] Shields et al. [18] (3rd trimester) Liesenkötter et al. [28] Pearce et al. [29] (1st trimester) fT4
Our study Nohr and Laurberg [9] Pedersen et al. [6] Glinoer et al. [7] Antonangeli et al. [10] Velasco et al. [30] (3rd trimester) Pearce et al. [29] (1st trimester) McDonald et al. [16] Shields et al. [18] (3rd trimester) fT3
Our study Antonangeli et al. [10] Velasco et al. [30] (3rd trimester) Shields et al. [18] (3rd trimester) thermore, the CB Tg was not different from nonsmokers. This effect of iodine in smokers has also been suggested to impact thyroid volume or goiter in adults of the general population [24, 25] . In addition, two studies of large nonpregnant cohorts, one in Korea [26] and one in the USA [27] , have brought different results about the interaction between smoking and iodine nutrition. Cho et al. [26] suggest that in the case of iodine excess, smoking decreases the risk of subclinical hypothyroidism in an iodine-sufficient area. Vanderver et al. [27] report that the impact of smoking on the prevalence of hypothyroxinemia is limited to women of childbearing age with the highest UIE. Thus, the respective impact of iodine supplementation and maternal smoking on Tg that we report here in healthy pregnant women should be confirmed in a larger series.
Effect of Iodine Supplementation on Other Thyroid Tests
Though our study focused on CB Tg, we also report interesting results of the impact of iodine supplementation on other thyroid tests, both in mothers and newborns.
Firstly, there was a positive effect on maternal Tg (lower Tg in the iodine group), contrasting with the absence of an effect on CB Tg. Similar results in mothers have been found by others [6, 7, 9] , but not all [10, 28] ( table 5 ) . This shows that, even in normal women, iodine may have a beneficial effect on maternal thyroid economy, as assessed by Tg. However, we only found a trend for lower maternal TSH and no effect on fT4. Of note, in a large cohort studied during the first trimester, Pearce et al. [29] found no correlation of TSH and fT4 with the use of iodine-containing multivitamins.
In the newborns, we mainly observed a lower CB rT3 and a trend for a higher TSH with similar fT4 in newborns of women taking iodine supplementation. Nohr and Laurberg [9] reported higher CB TSH and fT4 in newborns from women taking iodinated vitamins, noting an opposite effect on maternal and CB TSH and suggesting that 'at least in areas of mild ID, fetal thyroid is more sensitive to the inhibitory effect of iodine than anticipated hitherto'. In addition, Velasco et al. [30] reported CB TSH levels 2-fold higher in the group of newborns from women who took 300 g of iodine/day (above the recommended supplementation) compared to controls; however, they did not measure fT4. The significance of higher TSH in CB from infants of women taking iodine supplementation is uncertain, and paradoxically proposed by some as beneficial [31] , but probably depending on the dosage administered. Data on CB TSH seem to be in contrast with those of neonatal TSH measured at 3-4 days of life for the screening of congenital hypothyroidism and which are considered by some authors as a sensitive indicator of iodine nutrition during pregnancy [32, 33] . Data on rT3 are lacking. Our results showing lower rT3 with iodine supplementation could suggest an effect of iodine supplementation on placental type 3 deiodinase activity.
Effect of Maternal Smoking on Other Thyroid Tests
In CB, we found no significant difference in the results of thyroid tests. Review of the literature shows scarce and sometimes conflicting results [14] [15] [16] [17] [18] ( table 5 ) , usually with no information provided on iodine status.
In the mothers, we found a significant negative impact of smoking on maternal fT4 at delivery, but no detectable effect on TSH or other thyroid tests, results similar to those of Pearce et al. [29] during the first trimester, while others have reported similar fT4 and lower TSH [16, 18] ( table 5 ) . Outside pregnancy, TSH is usually reported to be lower in smokers [24, 26] , and fT4 is variably reported as lower [19, 27] , higher [24] or similar [26] .
The action of tobacco on the thyroid is known to be complex, with discrepancies likely due to different factors. Tobacco components may have different effects (thiocyanate, nicotine and others), with the intensity of smoking found to be significant by some authors [27] , but not all [26] . For example, thiocyanate is a potent antithyroid compound in vitro [34] , while in vivo studies suggest a possible stimulating effect [12] . On the other hand, Gondou et al. [35] have reported an effect of nicotine on type 3 deiodinase activity in vitro. Other environmental factors may mitigate the effect of smoking, such as ID and exposure to thyroid disruptors [36, 37] . In addition, some factors contributing to discrepancies are linked to the population studied, e.g. pregnancy status or individual susceptibility to thyroid disease. Tobacco is supposed to have both a stimulating effect on thyroid function in normal patients and a hypothyroid and/or goitrogenic effect on patients with a predisposition to hypothyroidism [11, 12, 17] . Pregnancy is an additional stressor on the maternal thyroid and could reveal hypothyroxinemia in smokers in a context of ID.
Conclusion
Iodine supplementation did not seem to significantly impact CB Tg in our population of normal pregnant women. By contrast, self-reported maternal smoking is associated with a stimulation of the fetal thyroid as assessed by CB Tg, which appears to be a marker of in utero exposure to tobacco. Iodine supplementation during pregnancy could especially benefit the fetuses of mothers addicted to tobacco in areas of ID. Along with optimization of iodine nutrition at the population level [38] , public health policies to protect fetal thyroid function should include encouragement and help for mothers to quit smoking.
